Inorganic phosphate (Pi) is stored in the vacuole, allowing plants to adapt to variable Pi availability in the soil. The transporters that mediate Pi sequestration into vacuole remain unknown, however. Here we report the functional characterization of Vacuolar Phosphate Transporter 1 (VPT1), an SPX domain protein that transports Pi into the vacuole in Arabidopsis. The vpt1 mutant plants were stunted and consistently retained less Pi than wild type plants, especially when grown in medium containing high levels of Pi. In seedlings, VPT1 was expressed primarily in younger tissues under normal conditions, but was strongly induced by high-Pi conditions in older tissues, suggesting that VPT1 functions in Pi storage in young tissues and in detoxification of high Pi in older tissues. As a result, disruption of VPT1 rendered plants hypersensitive to both low-Pi and high-Pi conditions, reducing the adaptability of plants to changing Pi availability. Patch-clamp analysis of isolated vacuoles showed that the Pi influx current was severely reduced in vpt1 compared with wild type plants. When , and malate with Pi as that preferred anion. The VPT1-mediated Pi current amplitude was dependent on cytosolic phosphate concentration. Single-channel analysis showed that the open probability of VPT1 was increased with the increase in transtonoplast potential. We conclude that VPT1 is a transporter responsible for vacuolar Pi storage and is essential for Pi adaptation in Arabidopsis.
vacuolar phosphate sequestration | anion channel | patch clamp | phosphorus nutrition P hosphorus (P) is a critical component of many metabolites and macromolecules, including ATP, phospholipid, and nucleic acid, and participates in numerous biochemical pathways, including gene expression and signal transduction, among many others. A major source of P element in the biological systems comes from the soil from which plants absorb soluble forms of P-containing molecules and metabolize them into organic forms. As the major form of soluble P, inorganic phosphate (Pi) is present in the soil at low levels and is often a limiting factor for plant growth and productivity. The acquisition and translocation of Pi by plant roots have been the focus of numerous studies identifying transport proteins involved in the uptake and distribution of Pi in plants (1) (2) (3) (4) .
Although the Pi concentration in soil is usually low, it can be increased by microbial activity and by the application of fertilizers for agricultural crop production (2) . Thus, Pi availability in soil often changes, requiring plants to develop mechanisms to adapt to such changes and maintain Pi homeostasis in the cell. When soil Pi levels are high, excess Pi is sequestered in the vacuole to prevent toxicity to the cytoplasm and serve as a Pi store (5) . When soil Pi levels are low, the vacuolar Pi pool will supply Pi to the cytoplasm in support of biochemical pathways (6, 7) . According to 31 P-NMR analyses, Pi concentration is much higher in the vacuole than in the cytosol (7, 8) , indicating that the vacuole is the major Pi store. Although a strong mechanism is essential for vacuolar Pi sequestration in higher plants, there is little knowledge regarding molecular identity of transport proteins in the vacuolar membrane (tonoplast).
So far, vacuolar phosphate transporters have been studied mainly in the yeast model, Saccharomyces cerevisiae. The yeast vacuolar protein complex responsible for vacuolar polyphosphate accumulation consists of four transmembrane proteins: ScVTC1 (vacuolar transporter chaperone 1), ScVTC2, ScVTC3, and ScVTC4 (9) . Another tonoplast Pi transporter, ScPHO91, is mainly responsible for vacuolar Pi efflux to the cytoplasm under low-Pi conditions (10) . Interestingly, ScVTC2/3/4 and ScPHO91 share a common feature, the presence of the SPX domain [named after yeast Syg1 and Pho81 and human xenotropic and polytropic retrovirus receptor 1 (XPR1)]. The SPX proteins also exist in plants, and some of them have been shown to play a role in Pi nutrition (11) .
In Arabidopsis, there are four protein families containing SPX domains, including SPX, SPX-RING, SPX-EXS, and SPX-MFS. The members of the first two families contain no transmembrane domains. The nucleus-localized SPX1 is a negative regulator of Pi starvation responses through inhibiting the activity of PHOSPHATE STARVATION RESPONSE REGULATOR 1 (PHR1) (12) . As a member of the SPX-RING family with the RING-type ubiquitin ligase activity, NITROGEN LIMITATION ADAPTATION (AtNLA) may regulate protein degradation of some Pi transporters to maintain Pi homeostasis in a nitratedependent manner (13, 14) . The SPX-EXS family consists of 11 members that contain multiple transmembrane domains,
Significance
Phosphate is an essential nutrient for plant growth, and inorganic phosphate (Pi) is stored largely in the vacuole of plant cells. Thus, vacuolar Pi maintains homeostasis of cytosolic Pi to ensure an optimal Pi supply for plants under variable Pi status in the soil. This study uncovered in Arabidopsis a vacuolar phosphate transporter, VPT1, that mediates vacuolar Pi sequestration. Lack of VPT1 caused growth defects under both low-Pi and high-Pi conditions, implicating VPT1 in plant adaptation to constantly changing Pi levels in the environment. This finding not only supplies a missing link in our understanding of vacuolar Pi storage and homeostasis, but also provides a new path for engineering crops that can better adapt to variable Pi availability in the soil. characteristic of transporters. Indeed, two members of this family, the Golgi-located PHO1 (PHOSPHATE 1) and PHO1; H1, are shown to function in Pi translocation (15, 16) . The SPX-MFS family, like SPX-EXS, also contains a group of proteins containing multitransmembrane domains. There are three members in the Arabidopsis SPX-MFS family, but the function of none of them has been characterized to date. Using a combination of genetic and electrophysiological approaches, we show here that one of these, Vacuolar Phosphate Transporter 1 (VPT1), functions as a phosphate transporter essential for vacuolar Pi sequestration, bridging a gap in our understanding of Pi homeostasis in plant cells.
Results

VPT1 Functions in Plant Adaptation to Variable Pi Status in the
Environment. In search of vacuolar Pi transporters in plants, we focused our efforts on a functional analysis of the SPX-MFS family members, for several reasons. First, among the four Arabidopsis SPX domain-containing protein families (SI Appendix, Fig. S1A ), three of them-SPX, SPX-EXS, SPX-RING-have been functionally connected to Pi nutrition (12) (13) (14) (15) (16) . We suspected that the function of the fourth family, SPX-MFS, is also linked to Pi nutrition. Second, the three members in the Arabidopsis SPX-MFS family are the most closely related to yeast vacuolar phosphate transporters, such as ScVTCs and PHO91 (SI Appendix, Fig. S1A ). These members contain 10∼11 transmembrane domains according to TMHMM analysis (www.cbs.dtu.dk/ services/TMHMM/), and have a long N-terminal tail and a large loop in the middle. We present a topological model of protein product encoded by At1g63010.1 as an example (SI Appendix, Fig.  S1B ). These structural features are characteristic of a transporter. Third, a proteomic study indicated that Arabidopsis SPX-MSF family members are associated with tonoplast fractions in Arabidopsis plants (17) . Finally, a related protein, OsPSX-MSF1, has been linked to the Pi content in rice leaves (18) . Taken together, the foregoing studies suggest that members of the SPX-MFS family are qualified candidates for vacuolar Pi transporters.
We began to test this hypothesis by genetic analysis of these genes using T-DNA insertional mutants of Arabidopsis. Among the three genes in the SPX-MFS cluster, we obtained the knockout (KO) mutants of At1g63010 and At4g22990. The KO mutant of At4g22990 did not show any phenotypic changes compared with the WT plant under variable Pi conditions. Thus, in this report we focus on the characterization of a KO mutant of At1g63010 ( Fig. 1  A and B) , because this mutant was stunted under normal growth conditions in soil ( Fig. 1 C and D) and even more so under high-Pi conditions in hydroponic culture ( Fig. 1 E and F) . We named the gene At1g63010 as Vacuolar Phosphate Transporter 1 (VPT1) based on our research described in this report.
We further confirmed that the phenotype of the vpt1 mutant resulted from lack of VPT1 function by complementation using a genomic fragment of the VPT1 gene ( Fig. 1 B-F) . Along with reductions in seedling biomass and root length ( Fig. 1 C-F) , earlier flowering and reduced seed yield were also apparent in the mutant plants grown in soil (SI Appendix, Fig. S2 ). We further analyzed root growth in the hydroponic culture under different Pi concentrations. Only under a very low Pi level (1.3 μM; Fig. 2A ) did the vpt1 mutant appear similar to the wild type. As the Pi concentration increased, root elongation in the vpt1 seedlings was severely inhibited compared with the wild type. Interestingly, the higher the Pi levels in the medium, the more severely inhibited the seedling growth and root elongation (Fig. 2 A-C). Stunted growth of vpt1 was also apparent when grown on 0.5× Murashige and Skoog (MS) agar medium (SI Appendix, Fig.  S3 ) or in the nutrient-sufficient soil (SI Appendix, Fig. S4 ). Under both conditions, Pi levels were in the millimolar range (SI Appendix, Figs. S3 and S4), consistent with the results obtained under hydroponic conditions (Fig. 2 ).
Pi overdose in the environment is toxic to plants (5) . Under the conditions used in this study, high Pi levels in the medium not only inhibited plant growth, but also caused plant death (SI Appendix, Fig. S5 ). When grown in the medium containing millimolar levels of Pi, the death rate of vpt1 mutant seedlings was much higher than that of wild type (SI Appendix, Fig. S5 ), further supporting the conclusion that disruption of the VPT1 gene rendered the plants more sensitive to high Pi toxicity.
In addition to its detoxification action, Pi stored in the vacuole is also an important resource for coping with the Pi deficiency often encountered by plants during their life cycle. If VPT1 functions in vacuolar Pi sequestration, then its mutant would have a smaller Pi pool under Pi-sufficient conditions, and, logically, less Pi would be available when transferred to Pi-deficient conditions. Indeed, vpt1 mutant plants suffered more than wild type plants after the change from a Pi-sufficient to a Pi-deficient condition (Fig. 2D ). Pi deficiency leads to accumulation of anthocyanin in leaves (19) , which was more severe in the vpt1 mutant than in the wild type (Fig. 2E) . Consistent with this observation, Pi starvation response genes were induced to a higher level in the mutant vpt1 compared with the wild type after the plants were transferred to the low-Pi condition. In contrast, the same gene markers were expressed at a lower level in the mutant when the plants remained in Pi-sufficient condition, indicating that cytosolic Pi levels were higher in the mutant owing to a defect in vacuolar sequestration (SI Appendix, Fig. S6 ). (20) . If the vacuole sequestration mechanism is defective, then plants would become more sensitive to high-Pi toxicity and at the same time accumulate less Pi.
We noted above that a lack of VPT1 led to high Pi toxicity in the mutant plants. To test whether the vpt1 mutant is defective in Pi retention, we measured the Pi content in both wild type and mutant seedlings. In all cases, the vpt1 mutant plants consistently retained less Pi compared with the wild type, regardless of Pi concentrations in the culture medium (Fig. 3A) . With the increased Pi concentration in the growth medium, the Pi content in wild type plants steadily increased, but the Pi content in vpt1 mutant plants quickly plateaued at a rather low level (Fig. 3 A  and B) . Because the vpt1 plants were smaller in stature, we suspected that this size difference could possibly affect the comparability of Pi measurements in the wild type and mutant plants. Thus, we constructed a dexamethasone (DEX)-inducible VPT1 expression system (InVPT1) in the vpt1 mutant background. Spraying with 10 μM DEX induced VPT1 expression and promoted Pi accumulation in parallel (SI Appendix, Fig. S7 ). This result again links VPT1 with Pi retention in Arabidopsis, and supports the hypothesis that VPT1 functions in vacuolar Pi sequestration.
The expression pattern of the VPT1 gene in Arabidopsis plants also supports its possible function as a vacuolar Pi storage transporter. According to the results of histochemical β-glucuronidase (GUS) staining of transgenic plants expressing a VPT1 promoter-GUS fusion (Fig. 3C) , the VPT1 promoter was more active in the younger tissues in both leaves and roots during vegetative growth. In the 3-wk-old seedlings, the VPT1expression level in the young leaves was 3.5-fold greater than that in the older leaves (Fig. 3D) . With the increasing Pi concentration in the growth medium, the expression of VPT1 was strongly induced in both roots and leaves (Fig. 3E) . Interestingly, a detailed analysis of VPT1 expression in leaves of different ages indicated that Pi induction occurred more strongly in old leaves than in young leaves (Fig. 3F) , supporting the role of old leaves as "detoxifying organs" for the protection of the young leaves. Indeed, under normal conditions, the Pi content was higher in the younger leaves (Fig. 3G) , which correlated well with the VPT1 expression levels in leaves of different ages (Fig. 3D) . Under high-Pi conditions, the increasing Pi accumulation occurred mainly in the older leaves (Fig. 3H ), again consistent with Piinduced expression of VPT1 in these leaves (Fig. 3F) . Not surprisingly, vpt1 mutant plants did not accumulate more Pi under high Pi conditions, because they lacked the VPT1 function responsible for such accumulation (Fig. 3H ).
VPT1 Is a Tonoplast Phosphate Transporter for Vacuolar Pi Uptake.
Genetic analysis of the vpt1 mutant suggested that VPT1 functions in vacuolar sequestration. To further support this hypothesis, we conducted experiments to show that VPT1 protein is indeed located in the vacuolar membrane. We also measured the activity of VPT1 in plant vacuoles using a patch-clamp procedure.
To determine the subcellular localization of VPT1, we constructed transgenic plants expressing VPT1-GFP fusion protein (35S:VPT1-GFP vpt1 ) in the vpt1 mutant background. If the fusion protein complemented the mutant phenotype, this would indicate that this fusion protein is functional and localized to the correct subcellular compartment. The transgenic plants, like the wild type, grew well in the Pi-rich medium and adapted well to the low-Pi condition after transfer from the Pi-sufficient condition, eliminating the growth defects in the vpt1 mutant (SI Appendix, Fig. S8A ). Moreover, the Pi content in the leaves of the transgenic plants was restored to the wild type level or even higher (SI Appendix, Fig. S8B ), matching the expression levels of the VPT1-GFP mRNA (SI Appendix, Fig. S8C ), indicating that the fusion protein was functional. Examination of the leaf epidermal cells by confocal microscopy revealed that VPT1-GFP was localized to the vacuolar membrane.
As shown in Fig. 4A , the VPT1-GFP signal was clearly separated from the plasma membrane stained with red fluorescent probe FM4-64 in the 3-d-old seedlings. On the other hand, the VPT1-GFP signal essentially overlapped with the γ-TIP-mCherry fusion protein (Fig. 4B) , a tonoplast marker (21) . Furthermore, when vacuoles were released from isolated mesophyll protoplasts of the transgenic plant, they showed clear a GFP signal at the tonoplast (Fig. 4C) . Thus, we concluded that VPT1 was located in the tonoplast, consistent with an earlier finding from proteomic analysis (17) , and this observation provided a prerequisite for our patch-clamp analysis of VPT1 activity in plant vacuoles.
To analyze the activity of VPT1 in Pi transport, we established a patch-clamp procedure to determine the inward currents carried by Pi in vacuoles isolated from Arabidopsis mesophyll cells (Fig. 5) . As documented previously, "inward" currents are defined as movement of a positive charge out of or a negative charge into the vacuole (22) . We isolated intact vacuoles from mesophyll cells of wild type and vpt1 mutant plants and clamped them between +20 and −160 mV with a 0.6-s duration and 20-mV decrements (Fig. 5) . Large time-dependent Pi inward currents were recorded in the wild type vacuoles at negative test voltages, and under the same experimental conditions, the Pi inward currents recorded from vpt1 mutant vacuoles were much smaller (Fig. 5A) . At −160 mV, the current density in the mutant vacuole was reduced by >60% compared with the wild type vacuole (Fig.  5B) . As shown earlier, expression of VPT1-GFP fusion protein in the vpt1 mutant background complemented the mutant phenotype (SI Appendix, Fig. S8 ). When vacuoles from these plants were isolated and recorded, the Pi current density was also back to the wild type or slightly higher than the wild type (Fig. 5B) , matching the expression levels of VPT1-GFP in the transgenic plants (SI Appendix, Fig. S8C ). These results suggest that VPT1 contributes strongly to the vacuolar Pi influx from the cytosolic side into the vacuolar lumen.
To further confirm that VPT1 mediates Pi influx into the vacuole, we transiently expressed VPT1-GFP in Nicotiana benthamiana mesophyll cells and measured the vacuolar Pi current using vacuoles decorated with the GFP signal. In parallel, we used cells transformed with the empty vector alone as a control. As expected, the control vacuoles showed detectable Pi inward currents, similar to those recorded with wild type vacuoles from Arabidopsis (Figs. 5A and 6A); however, in the VPT1-GFP-expressing vacuoles, a much larger Pi inward current was recorded compared with that in the control vacuoles (Fig. 6A) . On average, the Pi inward current densities in the corresponding vacuoles were increased fivefold by VPT1-GFP overexpression (Fig. 6B) . Taken together, these results indicate that VPT1 is responsible for a major portion of the Pi inward current in vacuoles under our experimental conditions. Using the transient expression system, we characterized the VPT1-mediated Pi currents and found that these currents were dependent on cytosolic Pi concentration (Fig. 6 C-E) . When a low level of cytosolic phosphate (1 mM) was applied (100-fold lower than that in the vacuolar lumen), inward current was detectable, albeit at a small amplitude (Fig. 6C) . When the cytosolic Pi reached a level symmetrical to that in the vacuolar lumen (100 mM Pi cyt /100 mM Pi vac ), the current amplitude of the VPT1-GFP vacuole was increased by eightfold ( Fig. 6 C and D) . The reversal potentials (E rev ) of VPT1 currents shifted to more positive values with increasing cytosolic Pi concentrations (Fig. 6E) . Furthermore, the E rev values correlated well with the Nernst prediction of phosphate equilibrium potential (Fig. 6E) , further supporting the idea that the recorded influx current was carried by Pi.
Anion selectivity (Fig. 6F) indicated that VPT1 also contributed to the transport of other anions across the tonoplast, but that phosphate transport was increased to the greatest degree by overexpression of VPT1-GFP. Consistent with this transport activity, disruption of VPT1 expression in the vpt1 mutant impaired the accumulation of Pi but not of other anions, including sulfate, nitrate, malate, or chloride (SI Appendix, Fig. S9 ). These results further support the notion that the major function of VPT1 is phosphate transport into the vacuole, although VPT1-mediated transport is not strictly selective for Pi.
We further analyzed the single-channel currents in membrane patches detached from vacuoles isolated from N. benthamiana mesophyll cells transformed with either empty vector (control) or the 35S:VPT1-GFP construct. Single-channel activity was not detectable in the control vacuoles. In contrast, we detected single-channel activity in the membrane patches detached from vacuoles isolated from VPT1-GFP-expressing cells. The channel open probability (Po) of VPT1 increased with the more negative membrane potentials (Fig. 6G) . As the membrane potential shifted from −40 mV to −100 mV, the Po increased more than 10-fold (Fig. 6G) . The current amplitude also increased linearly with more negative tonoplast potentials, with a conductance of 59 pS (Fig. 6H) . The reversal potential of the single channels was −3.5 mV, which is very close to the Nernst potential for phosphate [cytosolic (phosphate) = 100 mM; E rev (Pi) = −4 ± 2 mV] ( Fig. 6 E and H) .
Discussion
Plant growth requires a large amount of Pi, but Pi levels in most soils are limited and constantly changing. To survive such Pi nutrient "stress" in nature, plants have evolved not only a strong capability of Pi uptake and translocation, but also sophisticated mechanisms to store surplus Pi in the vacuoles to cope with the changing status of soil Pi (2, 20) . In fact, the large majority (>90%) of free Pi is stored in the vacuole of a typical expanded plant cell (7, 8) . Impaired vacuole storage will directly impact the capacity for Pi accumulation in plants.
Pi acquisition and translocation have been studied extensively over the past two decades (2, 23) . Several transporter families have been shown to function in Pi uptake and distribution in plants. These include the phosphate transporters (PHTs) and PHO-type Pi transporters. The plasma membrane-located PHT1s are responsible for the absorption of phosphate, as has been studied in Arabidopsis and rice (3, 4, 24, 25) . For Pi translocation, the Golgi located PHO1 plays an important role (1, 16) . Transport of Pi between the cytosol and chloroplasts involves PHT2;1 and the members of PHT4 family in Arabidopsis (26) (27) (28) . Despite the importance of vacuolar Pi accumulation in plant Pi nutrition, very little is known about the transporters responsible for Pi translocation into the vacuole to achieve Pi homeostasis in the cell. Our study has identified a tonoplast Pi transporter (VPT1) as an essential component in Pi accumulation and plant adaptation to changing Pi status in the environment.
The wild type Arabidopsis plants thrived as levels of Pi increased in the culture medium (up to a low millimolar range). As more Pi became available in the medium, plants accumulated more Pi in their cells, as expected, consistent with the idea that surplus Pi may have been stored in the vacuole to avoid toxicity. In contrast, the loss-of-function mutant of VPT1 was dramatically stunted when Pi reached low millimolar levels in the medium. Furthermore, the Pi content in the mutant plants was much lower than that in the wild type plants and failed to increase as Pi concentration rose in the medium. This suggests that VPT1 plays a key role in the accumulation of Pi in plants.
Although lower levels of Pi in the mutant can also result from decrease in uptake, in the context of a Pi-hypersensitive phenotype, it becomes clear that VPT1 functions in vacuolar Pi sequestration. Also consistent with this interpretation is the finding that the vpt1 mutant suffered more when plants were transferred from high to low Pi conditions. Typically, plants accumulate and store surplus Pi in the vacuole under high-Pi conditions and remobilize the vacuolar Pi to support cell growth under low-Pi conditions. Lack of VPT1 impairs the ability of plants to accumulate Pi in the vacuoles under high-Pi conditions and thus compromises their ability to cope with low Pi.
The results of our genetic analysis strongly implicate VPT1 in vacuolar Pi sequestration. Thus, we decided to directly measure Pi influx using a patch-clamp approach. Although vacuolar Pi efflux current was measured by Dunlop and Phung (29) , Pi influx across the vacuolar membrane and the molecular basis of vacuolar Pi transport have not been described. In our study, we first confirmed that VPT1 was indeed localized to the tonoplast, and then used patch-clamping to measure the Pi transport activity mediated by VPT1. In the subcellular localization experiment, we used genetic complementation to ensure functionality of the VPT1-GFP fusion protein before examining its localization, because a protein is functional only after it is correctly targeted in the cell. Indeed, the GFP-VPT1 fusion protein was localized to the tonoplast, because the GFP signal was specifically associated with the tonoplast marker and isolated vacuoles. Analysis of vacuoles from the wild type and vpt1 mutant plants by the patch-clamp procedure showed that vpt1 vacuoles displayed a reduced inward current, reflecting impaired Pi influx into the vacuole.
In addition, we also expressed VPT1-GFP fusion in a different plant cell model and confirmed that VPT1 mediates Pi transport into the vacuole. The apparent voltage-gating features and the large conductance revealed by single-channel analysis suggest that VPT1 likely functions as an anion channel (Fig. 6 G and H) . Among the three classes of transporter proteins (pumps, carriers, and ion channels), only ion channels can be measured in an excised patch of membrane (30) . The VPT1 single-channel characteristics are comparable to those of vacuolar anion channels described previously (31, 32) , and, notably, the VPT1 also has a flickering behavior and a large conductance (Fig. 6 G and H) .
Because the vacuolar membrane potential is favorable for anions flowing into the vacuolar lumen, it is likely that VPT1 functions as an anion channel that prefers Pi over other anions tested in this study. Further work is needed to characterize the detailed biophysical properties of VPT1. Another important area for future work is the identity of transporters responsible for Pi remobilization from vacuole back to the cytosol. The transporters mediating the flux of Pi into and out of vacuole will be important targets for improving crop production under changing Pi conditions.
Materials and Methods
Plant Materials and Growth Conditions. Arabidopsis thaliana wild type (ecotype Columbia-0, Col-0) and the T-DNA insertion mutant line (SALK_006647, locus At1g63010) were obtained from the Arabidopsis Biological Resource Center. Homozygous individuals were screened by PCR using the primers listed in SI Appendix, Table S1 . For soil culture, healthy 3-d-old seedlings germinated on 0.5× MS medium [1% (wt/vol) agar, 1% (wt/vol) sucrose] were transferred to the nutrient-rich soil (Pindstrup Mosebrug). For hydroponic culture, we followed a procedure described by Tocquin et al. (33) with different concentrations of NaH 2 PO 4 replacing NH 4 H 2 PO 4 as the Pi source. Plants were grown under long-day conditions (16-h illumination of 150 μmol/m with oligo(dT) primers. Quantitative real-time PCR (qRT-PCR) was performed using the QuantiFast SYBR Green PCR Kit (Qiagen) on a CFX Connect RealTime System (Bio-Rad). Target quantifications were performed with specific primer pairs designed using Primer 5 software (SI Appendix, Table S1 ).
Pi Measurements and Anthocyanin Content Assays. Arabidopsis seedlings were grown in the hydroponic system containing different Pi concentrations. Here 50 mg of plant materials and 20 mg of plant leaves were collected for Pi content determination with the ascorbate-molybdate-antimony method as described previously (35) and for anthocyanin determination using the method described by Teng et al. (36) , respectively. One anthocyanin unit equals one absorbance unit (A 530 -0.25A 657 ) in 1 mL of extraction solution.
Patch-Clamp Recordings on Isolated Vacuoles. For transient overexpression of VPT1-GFP in N. bethamiana, plant growth conditions and agrobacteriummediated infiltration were as described previously (37) . The mesophyll vacuoles of Arabidopsis and transformed N. bethamiana plants were isolated via a procedure described by De Angeli et al. (31) . The ionic currents across the tonoplast were recorded using a standard patch-clamp procedure essentially as described by Beyhl et al. (38) . In brief, recordings were performed with the Axon Multiclamp 700B Amplifier (Molecular Devices). The pipette resistance was 5-6 MΩ in the whole-vacuole recording mode and 9-10 MΩ in the single-channel recordings. The pipette solution contained 100 mM H 3 PO 4 , 1 mM CaCl 2 , 2 mM MgCl 2 , and 5 mM Mes-BTP (pH 5.8). The bath solution contained 100 mM H 3 PO 4 , 6.7 mM EGTA, 5.864 mM CaCl 2 (free Ca 2+ is 2 μM), and 5 mM Mes-BTP (pH 7.0). The osmolality of the pipette and bath solution was adjusted to 550 and 500 mOsm, respectively, with D-sorbitol. For anion selectivity studies, phosphate in the standard pipette and bath solution was replaced by equimolar amounts of sulfate, nitrate, chloride, or malate. In cytosolic Pi dose-dependent studies, isolated vacuoles were bathed in the bath solution containing various phosphate concentrations as indicated in the figure legends. In the whole-vacuole mode, recording was started at least 10 min after pipette break-in, to equilibrate the vacuolar lumen with the pipette solution.
According to the convention for electrical measurements across endomembranes reported by Bertl et al. (39) , the negative currents were corresponded to anions moving from the cytosolic side to the vacuolar lumen. Current recordings were filtered at 2.9 kHz for whole-vacuole recordings and at 1.5 kHz for single-channel recordings. Steady-state currents were calculated by averaging the values during the last 100 ms of each current trace. Considering the variations in the vacuole surface area, the currentvoltage relationships were expressed as current density (pA/pF).
